Introduction {#h0.0}
============

Photosynthetic microorganisms are subjected to environmental fluctuations in light, temperature, nutrient availability, and predation, which they respond to through physiological and morphological adaptations ([@B1]--[@B3]). Microorganisms evolved molecular mechanisms that allow them to rapidly modulate cellular behavior by monitoring environmental fluctuations using perception systems based on sensing environmental signals, initiating signal cascades, and responding to biophysical inputs, all of which involve specific receptors and feedback processes ([@B4]). Second messengers are signaling molecules fundamental for responses to external signals; rapid turnover of these molecules is energetically inexpensive and enables rapid phenotypic changes ([@B5]).

Bis-(3′-5′)-cyclic dimeric guanosine monophosphate (cyclic di-GMP \[c-di-GMP\]) is a ubiquitous bacterial second-messenger molecule synthesized and degraded by proteins that contain GGDEF, EAL, or HD-GYP domains. GGDEF domain (Pfam 00990) proteins exhibit diguanylate cyclase (DGC) activity, resulting in the synthesis of c-di-GMP from two GTP molecules ([@B6]). EAL domains (Pfam 00563) are associated with phosphodiesterase (PDE) activity that degrades c-di-GMP to the linear molecule 5′-pGpG ([@B6], [@B7]). HD-GYP domains (Pfam 01966) also possess PDE activity but completely degrade c-di-GMP into two GMP molecules ([@B8]). In bacteria, the intracellular concentrations of the second messenger c-di-GMP are regulated in response to a variety of environmental stimuli. Cyclic di-GMP plays critical roles in regulating numerous cellular processes in various bacteria, including transcription, RNA turnover, biofilm formation, protein synthesis, motility, virulence, bacterial predation, and altering activities of proteins or protein complexes ([@B9]--[@B14]).

To date, the regulation of GGDEF and EAL domain-containing proteins has been studied in a limited number of cyanobacterial systems ([@B9], [@B15], [@B16]). Cyanobacteria are one of the most abundant photoautotrophic organisms in aquatic environments; they are able to fix both carbon and nitrogen under aerobic conditions and thus play a key role in regulating global carbon and nitrogen cycles. The phylum *Cyanobacteria* represents a highly diverse group of Gram-negative bacteria that are unicellular, filamentous, or colonial. They are present in the majority of biotopes on Earth, being found in marine, freshwater, and soil environments. They have also colonized deserts ([@B17]), polar waters ([@B18]), and geothermal environments ([@B19]). They are the progenitors of chloroplasts in eukaryotic photosynthetic organisms ([@B20]), and since they are the only bacteria capable of oxygenic photosynthesis, cyanobacteria also played a critical role in the initial rise of oxygen in the atmosphere around 2.3 billion years ago ([@B21]).

Recent studies have provided evidence that light can regulate c-di-GMP levels in cyanobacteria ([@B16], [@B22]). Light is an important stimulus for both nonphotosynthetic and photosynthetic microorganisms, where light quality, intensity, and duration are used to control a variety of cellular processes. Light is sensed by specialized photosensory proteins that are activated by bound organic cofactors or chromophores, thereby transmitting photobiological signals to a downstream output domain ([@B23]--[@B25]). In bacteria, light-responsive domains are often linked to an output domain that impacts c-di-GMP homeostasis, thereby impacting bacterial physiology ([@B26]). These proteins likely function similar to the blue-light-sensing PDE from *Klebsiella pneumoniae* ([@B26], [@B27]); i.e., light induces a conformational change in the photosensory domain that results in alteration in the linked GGDEF, EAL, and/or HD-GYP domain that impacts c-di-GMP modulating activity. In this study, we assessed the occurrence of c-di-GMP-modulating domain-containing proteins in sequenced genomes of cyanobacteria that occupy diverse environmental habitats. We examined the abundance of proteins containing c-di-GMP-modulating domains in association with photoreceptor domains, and we propose that the widespread occurrence of these proteins indicates an important role in the environmental regulation of c-di-GMP levels in cyanobacteria. In addition, we document examples of the acquisition of new c-di-GMP signaling proteins by horizontal gene transfer (HGT) of c-di-GMP domain-containing genes and discuss which factors could have led to these events. Additionally, we quantified intracellular concentrations of c-di-GMP in *Fremyella diplosiphon* and Synechocystis sp. strain PCC6803 (referred to herein as *Synechocystis*) under white, blue, red, and green light. These two species showed different concentrations of c-di-GMP under different light qualities, which corresponded to known impacts of light on their photoadaptation in natural contexts. These studies validate the importance of light in regulating c-di-GMP homeostasis in cyanobacteria.

RESULTS {#h1}
=======

Light-responsive domains associated with c-di-GMP in cyanobacteria. {#h1.1}
-------------------------------------------------------------------

Analyses of sequenced cyanobacterial genomes showed that 20 out of 37 cyanobacteria (54%) in CyanoBase possessed proteins containing c-di-GMP regulatory domains ([Table 1](#tab1){ref-type="table"}; also, see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). Putative light-responsive domains were common in cyanobacterial DGCs and PDEs ([Table 1](#tab1){ref-type="table"} and [Fig. 1](#fig1){ref-type="fig"}; also, see [Table S1](#tabS1){ref-type="supplementary-material"}) ([@B28]); of the 398 c-di-GMP-containing proteins, 131 (33%) were associated with light-responsive domains ([Table 1](#tab1){ref-type="table"}). A large number of putative photoreceptor genes encode GGDEF protein containing domains. Notably, only two proteins (6%) with an EAL-only domain (i.e., a protein with only the EAL domain without a GGDEF domain, as opposed to a hybrid protein that contains both GGDEF and EAL domains) were associated with photoreceptor domains. Likewise, nine HD-GYP domains (35%) were associated with photoreceptor domains ([Table 1](#tab1){ref-type="table"}).

###### 

Numbers of c-di-GMP domain-containing proteins and subsets containing photoreceptors domains in sequenced cyanobacterial genomes

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Strain and genome size (bp)                           No. of c-di-GMP domains^[*a*](#ngtab1.1)^   No. of photoreceptors associated\                                           
                                                                                                    with c-di-GMP                                                               
  ----------------------------------------------------- ------------------------------------------- ----------------------------------- -------- --------- ---------- ---- ---- ----
  Strains with c-di-GMP domains                                                                                                                                                 

      *Acaryochloris marina* MBIC11017; 6,503,724       28 (7)                                      26 (23)                             6 (0)    0 (0)     60 (13)    8    0    0

      *Arthrospira platensis* NIES-39; 6,788,435        21 (38)                                     13 (38)                             4 (0)    0 (0)     38 (34)    7    2    4

      *Cyanothece* sp. PCC 7424; 5,942,652              19 (26)                                     14 (36)                             0 (0)    2 (0)     35 (29)    6    3    1

      *Cyanothece* sp. ATCC 51142; 4,934,271            12 (50)                                     18 (56)                             3 (33)   1 (0)     34 (50)    3    13   1

      *Synechocystis* sp. PCC 6803; 3,573,471           13 (46)                                     9 (33)                              5 (0)    2 (0)     29 (31)    7    1    1

      *Cyanothece* sp. PCC 8801; 4,679,413              13 (69)                                     10 (20)                             2 (50)   1 (0)     26 (46)    10   2    0

      *Nostoc punctiforme* ATCC 29133; 8,234,322        11 (55)                                     10 (70)                             1(0)     2 (0)     24 (54)    2    10   1

      *Cyanothece* sp. PCC 7425; 5,374,574              7 (14)                                      12 (42)                             2 (0)    1 (100)   22 (32)    5    2    0

      *Synechococcus elongatus* PCC 6301; 2,696,255     9 (56)                                      8 (63)                              1 (0)    2 (100)   20 (60)    8    2    2

      *Synechococcus elongatus* PCC 7942; 2,695,903     9 (56)                                      8 (63)                              1 (0)    2 (100)   20 (60)    8    1    3

      *Anabaena variabilis* ATCC 29413; 6,365,727       8 (0)                                       6 (50)                              2 (0)    2 (0)     18 (18)    2    0    1

                                                                                                                                                                                

      *Anabaena* sp. PCC 7120; 6,413,771                8 (13)                                      6 (33)                              1 (0)    2 (0)     17 (17)    2    0    1

      *Synechococcus* sp. PCC 7002; 3,008,047           7 (14)                                      6 (33)                              2 (0)    0 (0)     15 (20)    0    2    1

      *Thermosynechococcus elongatus* BP-1; 2,593,857   5 (20)                                      5 (60)                              1 (0)    1 (100)   12 (42)    5    0    0

      *Synechococcus* sp. JA-2-3B'a(2--13); 3,046,682   4 (25)                                      0 (0)                               0 (0)    3 (33)    7 (29)     2    0    0

      *Synechococcus* sp. JA-3-3Ab; 2,932,766           3 (0)                                       0 (0)                               1 (0)    2 (50)    6 (17)     1    0    0

      *Synechococcus* sp. CC9311; 2,606,748             1 (0)                                       3 (0)                               1 (0)    0 (0)     5 (0)      0    0    0

      *Trichodesmium erythraeum* IMS101; 7,750,108      1 (0)                                       3 (0)                               0 (0)    1 (100)   5 (20)     1    0    0

      *Microcystis aeruginosa* NIES-843; 5,842,795      1 (0)                                       1 (0)                               0 (0)    1 (0)     3 (0)      0    0    0

      *Gloeobacter violaceus* PCC 7421; 4,659,019       1 (0)                                       0 (0)                               0 (0)    1 (0)     2 (0)      0    0    0

  Total                                                 181 (31)                                    158 (40)                            33 (6)   26 (35)   398 (33)   77   38   16

                                                                                                                                                                                

  Strains without c-di-GMP domains                                                                                                                                              

      *Prochlorococcus marinus* MED4                                                                                                                                            

      *Prochlorococcus marinus* MIT9313                                                                                                                                         

      *Prochlorococcus marinus* SS120                                                                                                                                           

      *Prochlorococcus marinus* AS9601                                                                                                                                          

      *Prochlorococcus marinus* MIT 9211                                                                                                                                        

      *Prochlorococcus marinus* MIT 9215                                                                                                                                        

      *Prochlorococcus marinus* MIT 9301                                                                                                                                        

      *Prochlorococcus marinus* MIT 9303                                                                                                                                        

      *Prochlorococcus marinus* MIT 9312                                                                                                                                        

      *Prochlorococcus marinus* MIT 9515                                                                                                                                        

      *Prochlorococcus marinus* NATL1A                                                                                                                                          

      *Prochlorococcus marinus* NATL2A                                                                                                                                          

      *Synechococcus* sp. strain CC9605                                                                                                                                         

      *Synechococcus* sp. strain CC9902                                                                                                                                         

      *Synechococcus* sp. strain RCC307                                                                                                                                         

      *Synechococcus* sp. strain WH7803                                                                                                                                         

      *Synechococcus* sp. strain WH8102                                                                                                                                         
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Values in parentheses are percentages of c-di-GMP modulating domains associated with photoreceptors.

![Partner domain occurrence for c-di-GMP domains, in percentages. The most common domain associated with c-di-GMP domains was PAS (28%), followed by photoreceptors (26%) and CheY-like domains (23%). PAS, Per-Arnt-Sim domain; CheY-like, receiver domain; FHA, forkhead associated; CHASE, cyclases/histidine kinases, associated sensory extracellular; HAMP, histidine kinases, adenylate cyclases, methyl-accepting proteins, and phosphatases.](mbo0041315920001){#fig1}

The number of c-di-GMP domains in cyanobacteria could be dependent on genome size. However, an alternate explanation is that habitat characteristics could have influenced the number of c-di-GMP domains in cyanobacteria. To gain insight into the likelihood of these two possibilities, we compared the size of the genome and the number of genes with the total number of c-di-GMP-related domains. Although the size of genome and the total number of genes were positively correlated with the number of c-di-GMP domains ([Fig. 2A and B](#fig2){ref-type="fig"}), these parameters explained only 43% and 61% of the total variance, respectively. These correlations indicate that the number of c-di-GMP domains are not simply correlated with genome size but may also be determined by bacterial adaptation. For instance, *Trichodesmium erythraeum* IMS101 and *Microcystis aeruginosa* NIES-843 have relatively large genomes ([Table 1](#tab1){ref-type="table"}) with only five and three c-di-GMP domains, respectively. In contrast, the genome sizes of *Synechocystis* and *Cyanothece* sp. ATCC 51142 are half those of *T. erythraeum* and *M. aeruginosa* genomes ([Table 1](#tab1){ref-type="table"}) but contain 29 and 35 c-di-GMP domains, respectively. *T. erythraeum* inhabits tropical and subtropical oceans known to be nutrient-poor and relatively stable waters ([@B29]), and *M. aeruginosa* inhabits low-nutrient lakes ([@B30]). On the other hand, *Synechocystis* is adapted to dynamic environments---e.g., it can grow heterotrophically in the dark ([@B31]), and its metabolism is controlled largely by numerous circadian clock genes ([@B32]). Also, *Cyanothece* sp. strain ATCC 51142 was isolated from intertidal waters in Texas that are subject to a range of harsh conditions ([@B33]). These examples strongly suggest that c-di-GMP domains are impacted by bacterial adaptation and that this can occur independent of genome size.

![Correlation between genome size (A), total number of domains (B), and total number of photoreceptor domains (C) associated with c-di-GMP modulating domains in publically available sequenced cyanobacteria. Each dot represents every species present in Table 1, for a total of 37 species. Colored dots represent individual species: red, *Trichodesmium erythraeum*; green, *Microcystis aeruginosa*; orange, Synechocystis sp. strain PCC6803; and blue, *Cyanothece* sp. strain ATCC 51142.](mbo0041315920002){#fig2}

The total number of c-di-GMP domains associated with photoreceptor domains in cyanobacteria ([Table 1](#tab1){ref-type="table"} and [Fig. 2C](#fig2){ref-type="fig"}) is in contrast with the total number of c-di-GMP-domain-containing proteins associated with photoreceptors from all bacteria. In other bacterial genomes, the most common photoreceptor domain associated with c-di-GMP domains is the BLUF (sensor of blue light using FAD) domain (40%), followed by the LOV (light-oxygen-voltage) domain, a subfamily of the PAS domain family (21%), and the phytochrome-characteristic GAF domain (8%) ([@B34]), used by cyanobacteria to sense UV-A, blue, green, and/or red light ([@B35]--[@B38]). Our analyses showed different results in that c-di-GMP domains in cyanobacteria were mostly associated with the GAF domain (58%) and the PYP domain of xanthopsin photoreceptors (36%) and were found less frequently in association with the LOV domain (6%) ([Table 1](#tab1){ref-type="table"}). A number of LOV domain-containing proteins from cyanobacteria have already been shown to be associated with regulation of c-di-GMP levels or with c-di-GMP signaling ([@B22], [@B39], [@B40]). We did not identify any BLUF domain associated with DGCs or PDEs in the available cyanobacterial genomes; however, this finding is not unexpected based on the low abundance of BLUF domains in cyanobacterial genomes ([@B41]).

Some DGC proteins possess an allosteric inhibition site (I site) proximal to the GGDEF active site ([@B42]). This c-di-GMP-dependent allosteric site, characterized by an RXXD motif, is important for controlling DGC activity; when levels of c-di-GMP are high, the second messenger can bind the RXXD motif, thereby repressing the DGC activity. Among all the GGDEFs associated with photoreceptor domains in cyanobacteria, the allosteric site was found in 94% of GGDEF-only proteins and 81% of hybrid proteins (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). These values are slightly higher than those for all the GGDEFs that are not associated with photoreceptor domains in cyanobacteria, where the I site was found in 82% of GGDEF-only proteins and 63% of hybrid proteins (see [Table S2](#tabS2){ref-type="supplementary-material"}). The frequency of the RXXD motif in cyanobacteria is different from that in other bacteria, where only half of the DGCs possessed an allosteric site ([@B43]). The high occurrence of GGDEF proteins containing an I site suggests that cyanobacteria tightly control c-di-GMP synthesis when DGCs are associated with photoreceptors.

Cyclic di-GMP domains: vertical and horizontal gene transfer. {#h1.2}
-------------------------------------------------------------

Cyclic di-GMP domains are widespread in bacteria; thus, it has been suggested that c-di-GMP is an ancient second messenger ([@B44]). However, an alternate explanation, which is not mutually exclusive, is that cyanobacteria acquired c-di-GMP-associated domains through HGT events. We examined whether the presence of c-di-GMP domains was a result of vertical transfer events or if HGT events regularly occurred in cyanobacteria. Genes can be considered acquired via HGT events when phylogenetic analysis of genes shows clustering of distantly related species. We performed this analysis for the conserved EAL-only proteins by generating a phylogenetic tree of 15 noncyanobacterial EAL domain proteins and 24 conserved cyanobacterial EAL-only proteins.

The phylogenetic analysis of multiple conserved EAL domain sequences showed two distinctive clades ([Fig. 3](#fig3){ref-type="fig"}; also, see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). One clade was composed of only cyanobacteria EAL-only domains, with the exception of a single noncyanobacterial sequence, and the other was composed of a mix of noncyanobacterial and cyanobacterial EAL-only domains. The only species having genes widely distributed in both clades was *Acaryochloris marina*, a unique cyanobacterium that uses a distinctive light acclimation method based on chlorophyll *d*, a far-red- and infrared-absorbing chlorophyll ([@B45]). It would be interesting to explore why this species possesses such a great diversification of EAL domains. In addition, the gene *A28LD_0392* from *Idiomarina* sp. strain A28L, a Gram-negative, aerobic, flagellar gammaproteobacterium present in a wide range of aquatic saline habitats ([@B46]), was the only noncyanobacterial gene clustered within the cyanobacterium-predominant clade. This gene exhibited high amino acid sequence identity to *Synechocystis slr6110* (*E* value, 10^−110^). Notably, the *slr6110* gene is not incorporated in the genomic DNA but found on the *Synechocystis* plasmid pSYSX and itself could have been acquired via an HGT event. When we compared the sequences of *slr6110* and *A28LD_0392*, we observed two long conserved regions and one small deletion not present in the other genes, suggesting a shared evolutionary history unique to these two sequences ([Fig. 4](#fig4){ref-type="fig"}).

![Phylogenetic analysis based on multiple presumably functionally conserved EAL-only sequences (left). (Right) Phylogenetic analysis based on 16S genes of the species representing the EAL-only genes. Dotted lines link species to their genes that were presumably acquired vertically. Continuous lines link species to their genes that were presumably acquired horizontally. Blue, cyanobacterial species; red, bacterial species.](mbo0041315920003){#fig3}

![Alignment of EAL-only domains showing insertion and deletion regions. Gene names starting with a "C" denote cyanobacterial genes. Genes starting with a "B" denote bacterial genes. Blue backgrounds show deletion regions present in the genes *cya_1130*, *cocor_05649*, *mxam_2424*, and *staur_3026* that are not present in other EAL domains. Gray backgrounds show insertion and deletion regions present in the genes *pcc8801_0177* and *pstab_3153* that are not present in other EAL domains. Green backgrounds show conserved regions between *a28ld_0392* and *slr6110* genes. Amino acid residues critical for activity are indicated with black backgrounds ([@B70]).](mbo0041315920004){#fig4}

After performing the phylogenetic analyses, we searched for rare genetic events like indels (insertions and deletions) in our alignment that could be used to link closely related genes despite disparate evolutionary histories for the remainder of the genome, indicative of HGT events. The EAL domains encoded by *cya_1130*, *cocor_05649*, *mxam_2424*, and *staur_3026* exhibited a conserved deletion of 5 amino acids ([Fig. 4](#fig4){ref-type="fig"}). The genes *cocor_05649*, *mxam_2424*, and *staur_3026* are from a group of bacteria called myxobacteria and were closely related to the cyanobacterial gene *cya_1130*, with an *E* value of \<10^−78^. However, the genomes of these four species possessed very similar G+C content values, constraining the use of G+C content analysis between the four species. Also, the cyanobacterial gene *pcc8801_0177* and the gene *pstab_3153* from *Pseudomonas stutzeri* possessed insertions and deletions of amino acids that were not present in the other EAL domains ([Fig. 4](#fig4){ref-type="fig"}). The presence of these indels led us to hypothesize that the EAL domains from the proteins encoded by *cya_1130*, *cocor_05649*, *mxam_2424*, and *staur_3026* and those from the proteins encoded by *pcc8801_0177* and *pstab_3153* are closely related based on independent phylogenetic analyses ([Fig. 3](#fig3){ref-type="fig"}; also, see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material), which exclude sequence alignment gaps. In addition, *pcc8801_0177* had a G+C content of 53.1%, while the remainder of the *Cyanothece* sp. PCC 8801 genome had a G+C content of 39.8%, suggesting that *pcc8801_0177* was also acquired via another HGT event. These rare genetic events indeed confirmed the predictions based on the phylogenetic analyses that those EAL domains were acquired through HGT. Thus, our results suggest that a c-di-GMP signaling system evolved early in the phylum *Cyanobacteria*, indicating an ancient origin of these signaling systems, but that HGT events enriched the number of these domains in cyanobacterial genomes.

Comparison of the intracellular levels of c-di-GMP between cyanobacterial species under different light qualities. {#h1.3}
------------------------------------------------------------------------------------------------------------------

In cyanobacteria, more than 30% of c-di-GMP domains are associated with photoreceptor domains ([Fig. 2C](#fig2){ref-type="fig"} and [Table 1](#tab1){ref-type="table"}). This finding suggests that sensing of light by photoreceptor domains may impact cellular c-di-GMP levels through modulation of enzymatically active DGCs and PDEs. Therefore, we quantified the levels of intracellular c-di-GMP of two cyanobacterial species, the filamentous freshwater cyanobacterium *F. diplosiphon* and the single-cell model cyanobacterium *Synechocystis*, exposed to different light qualities. These two species are adapted to specific environmental niches, and we hypothesized that these cyanobacteria would differently regulate intracellular levels of c-di-GMP under diverse light conditions to which these organisms are adapted in natural contexts. Notably, *F. diplosiphon*, a cyanobacterium able to change its pigmentation to maximally absorb available red or green wavelengths ([@B47]), showed higher intracellular levels of c-di-GMP under white light or red light than under green light or blue light (*P* \< 0.05) ([Fig. 5A](#fig5){ref-type="fig"}). *Synechocystis* inhabits freshwater lakes and has been intensively studied for its capability to sense and respond to blue light. For instance, *Synechocystis* can grow heterotrophically in the dark but requires blue light for a few minutes each day ([@B31]). Also, *Synechocystis* dissipates excess captured light energy through a blue-light-dependent activation of a soluble carotenoid binding protein, i.e., orange carotenoid protein, that when associated with phycobilisomes results in photoprotective fluorescence quenching ([@B48]). Finally, blue light exposure has been shown to have impacts on *Synechocystis* motility. One study provided evidence for blue-light dependent accumulation of cyclic AMP (cAMP) that was associated with cellular motility ([@B49]). In a separate study, *Synechocystis* was demonstrated to exhibit an inhibition of phototaxis by blue light that was predicted to be associated with blue light-dependent c-di-GMP accumulation ([@B16]). Though disparate movement responses were observed for wild type in these two studies, phototaxis is apparently controlled by blue light-dependent regulation of the accumulation of second messengers cAMP ([@B49]) and c-di-GMP ([@B16]). *Synechocystis* showed higher levels of c-di-GMP under blue light (*P* \< 0.05) than under white light, green light, or red light. Red light exposure resulted in lower c-di-GMP levels than did green light (*P* \< 0.05) ([Fig. 5B](#fig5){ref-type="fig"}). Notably, the intracellular c-di-GMP level was lower in *Synechocystis* than in *F. diplosiphon* under all light except blue light. These results suggest that different cyanobacteria respond differently in regulating c-di-GMP levels in response to external light conditions, likely due to adaptation to specific environmental niches.

![Effect of light quality on intracellular concentration of c-di-GMP normalized to total proteins. Cyclic di-GMP concentration (in nmol c-di-GMP μg protein^−1^) in *F. diplosiphon* (A) and *Synechocystis* (B). The colors of the bars indicate color of light under which cells were grown. WL, white light; RL, red light; GL, green light; BL, blue light. Means with different letters are significantly different (*P* \< 0.05). Vertical bars represent standard errors.](mbo0041315920005){#fig5}

DISCUSSION {#h2}
==========

Occurrence of c-di-GMP domains. {#h2.1}
-------------------------------

Light sensing is critical for cyanobacteria to respond to different light spectra. The high number of GGDEF-only domains associated with photoreceptor domains indicates that light predominately controls synthesis rather than degradation of c-di-GMP. Cyanobacteria differ from other bacteria regarding the number of photoreceptor domains associated with c-di-GMP domains. We demonstrated that many proteins containing c-di-GMP-regulatory domains were found to be associated with blue- and red-light-dependent photoreceptor domains. The most common photoreceptor associated with c-di-GMP in noncyanobacteria was the BLUF domain ([@B41]), whereas in cyanobacteria, such associations in the genomes of sequenced cyanobacteria were rare. Instead, in cyanobacteria, the GAF domain in association with c-di-GMP domains was more common. These results are in accordance with the general distribution of the photoreceptor types among the bacterial groups ([@B41]). Although the majority of cyanobacteria contain more GAF domains than PYP domains associated with c-di-GMP genes, *Synechococcus* sp. strain PCC 7002, which inhabits mud areas, *Nostoc punctiforme* ATCC 29133, which inhabits soil, and *Cyanothece* sp. strain ATCC 51142, which was isolated from a warm intertidal area ([@B50]--[@B52]), possess more PYP domains than GAF domains associated with c-di-GMP genes. Since *Nostoc* sp. and *Cyanothece* sp. were found in microbial mats in their natural habitats ([@B53], [@B54]), we infer that the PYP domains functionally linked to c-di-GMP domains could control biofilm formation in cyanobacteria, as suggested in Gomelsky and Hoff ([@B26]), whereas the GAF domain could be an important sensor for photosensory behavior ([@B16]). This phenomenon, known as c-di-GMP signaling specificity, has been observed in other bacterial systems ([@B55]). A GAF domain associated with c-di-GMP-modulating domains has been shown to be involved in photosensory behavior in *Synechocystis* in response to blue light ([@B16]). The production of biofilms in cyanobacteria is a mechanism used to withstand harsh conditions ([@B56]), and the PYP blue light sensor may be an important receptor to regulate biofilm formation for species that are exposed more frequently to high irradiance.

Evolutionary history of c-di-GMP in cyanobacteria. {#h2.2}
--------------------------------------------------

To understand the evolutionary history of c-di-GMP in cyanobacteria, we decided to explore whether there was a correlation with organisms from a specific habitat and the presence of c-di-GMP domains. To address this question, we decided to compare the habitat characteristics of *Prochlorococcus* and *Synechococcus* strains lacking c-di-GMP domains with those of related strains that possessed them ([Table 1](#tab1){ref-type="table"}). The presence of domains associated with c-di-GMP homeostasis in these two genera correlated with the presence of cAMP receptor proteins in cyanobacteria ([@B57]). The only species lacking genes for cAMP receptors inhabited marine oligotrophic environments, whereas species that possess cAMP receptor inhabited both marine and fresh water ([@B57]). Notably, the only genera lacking cAMP receptors were the picocyanobacteria *Prochlorococcus* and *Synechococcus* (with the exception of the species *Gloeobacter violaceus*). It has been suggested that organisms such as *Prochlorococcus* that have adapted to stable habitats have lost cAMP receptor proteins ([@B57]). *Prochlorococcus*, therefore, lost flexibility due to a lack of selection to maintain the receptors or as an adaptation in exchange for efficiency under stable conditions ([@B58]). In addition to cAMP receptor proteins ([@B57]), our analyses suggest that species growing under frequent environmental fluctuations cope with habitat changes by using second messengers to respond to external signals. *Synechococcus* strains containing c-di-GMP-modulating domains inhabit both marine and freshwater habitats and are found in nutrient-rich (eutrophic) waters (see [Table S3](#tabS3){ref-type="supplementary-material"} in the supplemental material). *Prochlorococcus* and *Synechococcus* strains lacking c-di-GMP-regulatory domains inhabit marine low-nutrient (oligotrophic) habitats ([@B50]), with the exception of CC9902, which is found in a coastal habitat (see [Table S3](#tabS3){ref-type="supplementary-material"}). Currently there are no sequenced freshwater *Synechococcus* strains that lack these domains. Hence, the presence of c-di-GMP signaling systems may reflect the environmental characteristics of the habitats of picocyanobacteria *Prochlorococcus* and *Synechococcus.*

We also addressed the evolutionary origin of c-di-GMP signaling in cyanobacteria. *G. violaceus* and *Thermosynechococcus elongatus* BP-1 are considered the most divergent species among extant cyanobacteria ([@B59], [@B60]). *G. violaceus* possesses two degenerate c-di-GMP modulating domains, and *T. elongatus* has 11 domains predicted to be associated with c-di-GMP homeostasis or signaling, half of which are associated with GAF domains ([Table 1](#tab1){ref-type="table"}). Because the synthesis and degradation of c-di-GMP are a widespread phenomenon in cyanobacteria ([Table 1](#tab1){ref-type="table"}) ([@B4]), it is tempting to speculate that a c-di-GMP signaling system with light-controlled c-di-GMP homeostasis evolved early in the primordial cyanobacteria. Alternatively, it is also possible that these domains were spread via HGT, although multiple HGT events from one or few donors are less likely. We performed phylogenetic analyses of conserved EAL-only domains. The phylogenetic analyses of multiple conserved EAL domain sequences identified two clades of bacteria containing EAL-only domains, one clade predominantly containing cyanobacterial c-di-GMP domains and one containing both noncyanobacterial and cyanobacterial c-di-GMP domains. The structure of these phylogenetic trees suggests that in one clade, the domains evolved vertically, whereas many of the EAL domains from the other clade likely arose as a result of HGT events within the phylum *Cyanobacteria*.

Although the functional roles of GGDEF, EAL, and HD-GYP proteins in cyanobacteria are only beginning to emerge, we believe that the abundance of these classes of proteins in a range of cyanobacteria that occupy diverse environmental habitats supports an important role for these proteins and the regulation of c-di-GMP levels in cyanobacteria. We also provide evidence that different cyanobacterial species possess different levels of intracellular c-di-GMP under different light qualities ([Fig. 5](#fig5){ref-type="fig"}). It is not surprising to see high levels of c-di-GMP in *F. diplosiphon*, as this species belongs to the order *Nostocales*. Species belonging to the order *Nostocales* are associated with thrombolytic microbial mats ([@B61]) and can produce large amounts of biofilm, a cellular process regulated by c-di-GMP. Since *F. diplosiphon* evolved to sense red and green light by changing its pigmentation and morphology to absorb available wavelengths in the prevailing light quality at different depths in the water column ([@B47]), c-di-GMP may play a role in regulating cell morphology and buoyancy. On the other hand, in *Synechocystis*, blue light can contribute to several important processes, including heterotrophic growth, photoprotection, and phototaxis. This species showed high levels of c-di-GMP under blue light ([Fig. 5B](#fig5){ref-type="fig"}). Our results are in congruence with those reported by Savakis et al. ([@B16]), who suggested that *Synechocystis* had higher c-di-GMP levels under blue light. Indeed, the DGC Cph2 has been studied for its involvement in inhibiting phototaxis toward blue light ([@B16]). Biofilm formation in *Synechocystis* is a less common process that does not usually occur under laboratory conditions. Indeed, Schatz et al. suggested that for *Synechococcus elongatus* PCC 7942, biofilm development is self-repressed ([@B62]).

In conclusion, the regulation of c-di-GMP and light sensing may offer niche differentiation, reduce competition, and allow a variety of phytoplankton to move using pilus-based motility. Defining genes and phenotypes controlled by c-di-GMP, elucidating the mechanisms for regulating the intracellular concentration of c-di-GMP in the cell, and characterizing the regulatory pathways impacting c-di-GMP levels may help us to better understand light signaling networks in cyanobacteria.

MATERIALS AND METHODS {#h3}
=====================

c-di-GMP domain-containing proteins. {#h3.1}
------------------------------------

For the identification of GGDEF, EAL, and HD-GYP domains, we searched the CyanoBase database (<http://genome.kazusa.or.jp/cyanobase>), which contains genome sequences of cultured cyanobacteria ([@B63]). Conserved regions were identified manually by assessing the presence of eight amino acid residues known to be critical for activity in the GGDEF domain ([@B64], [@B65]), seven in the EAL domain (66), and 11 in the HD-GYP domain ([@B67]). The RXXD allosteric site, which is a motif found 5 to 12 amino acids before the GGDEF sequence in DGC proteins, was identified manually.

Light-dependent receptors. {#h3.2}
--------------------------

Proteins containing blue- and red-light-dependent signaling domains associated with c-di-GMP-regulatory domains were identified using gene information from CyanoBase. This option was not available for the LOV domains. Thus, to assess the potentiality of photochemical activity, LOV domains were individually screened to discriminate them from similar PAS domains with different biochemical activities. The chromophore-binding cysteine residue and the presence of 20 conserved amino acids were verified in order to identify functionally conserved LOV domains ([@B68]).

Genome comparisons. {#h3.3}
-------------------

Phylogenetic analyses of multiple conserved EAL domain sequences were performed using TOPALi v 2.5 ([@B69]). Multiple alignments of amino acid were generated using MUSCLE. BLASTP similarity searches were used to identify a sample of homologs to produce a tree composed by cyanobacterial and noncyanobacterial EAL domains. EAL domains were selected as homologs that possess either an *E* value of less than 10^−80^ or \>59% amino acid identity. In addition, because we were focused on general patterns of evolution rather than an exhaustive description of all EAL domain evolution, we limited our taxon sampling to three homologs from each cyanobacterial species for further analyses. Phylogenetic trees were inferred using Bayesian inference in the software package MrBayes, using the Whelan and Goldman model ([@B70]) with gamma-distributed rates for the EAL domains, and the Hasegawa, Kishino, and Yano model ([@B71]) with gamma-distributed rates for 16S rRNA sequence data. MrBayes was run with two independent runs of 1,000,000 generations of three heated chains and one cold chain, with a burn-in of 25% of trees that were sampled every 10 generations. Convergence was assessed as maximum potential scale reduction factor (PSRF) values of 1.001 (EAL tree) and 1.002 (16S tree). Posterior probabilities which range from 0 to 1.0 were used to evaluate the statistical confidence of a particular cluster of sequences. The likelihood log was −11,774.17 for the 16S tree and −5,974.33 for the EAL-only tree.

Cyclic di-GMP quantification and culture conditions. {#h3.4}
----------------------------------------------------

*F. diplosiphon* strain SF33, a shortened-filament mutant strain that displays wild-type pigmentation ([@B72]), and *Synechocystis* were maintained axenically and grown in BG-11 ([@B73]) containing 20 mM HEPES at pH 8.0. Liquid cultures were adapted to fluorescent white light (Philips F32T8/TL741/ALTO) at 35 µmol photons m^−2^ s^−1^ in glass flasks and maintained at optical densities at 750 nm (OD~750~) and 730 nm (OD~730~) of 0.6 for *F. diplosiphon* and *Synechocystis*, respectively. Flasks were maintained with shaking at 150 rpm. Cells adapted to white light were then transferred in glass flasks to white, red (λ~max~ at 660 nm; 2506RD; LED Wholesalers), green (λ~max~ at 530 nm; Geneva Scientific LLC), and blue light (λ~max~ at 452 nm; 2506BU; LED Wholesalers) at 35 µmol photons m^−2^ s^−1^. Since growth rates were different under different light qualities for *Synechocystis*, flasks were inoculated at an OD~730~ of 0.1 for cells transferred to white light and red light, 0.4 for flasks under blue light, and 0.3 for flasks under green light. For *F. diplosiphon*, white-light, green-light, and red-light flasks were inoculated at an OD~750~ of 0.1 and blue-light flasks at an OD~750~ of 0.4. Protein and c-di-GMP quantification was performed after 5 days at OD~750~ and OD~730~ of 0.6 ± 0.1.

Cyclic di-GMP levels were quantified as described in reference [@B55]. In brief, 1.5 ml of cells were centrifuged and resuspended in 150 µl of ice-cold extraction solvent containing 40% acetonitrile, 40% methanol, and 0.1 N formic acid and mixed for 30 s by vortexing, followed by incubation for 30 min at −20°C. The cell suspension was then centrifuged at 17,000 × *g* for 5 min at 4°C. The supernatant was transferred to a new 1.5-ml tube and stored at −80°C until analysis. Before quantification, the supernatants were concentrated using a vacuum manifold, resuspended in an equal volume of Milli-Q purified water, and then filtered through a 0.45-µm filter unit (polyvinylidene difluoride \[PVDF\] Titan syringe filter). Each sample was analyzed employing liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). The samples were compared to chemically synthesized c-di-GMP (Biolog) concentration standards ranging from 250 nM to 1.9 nM to determine the c-di-GMP concentration. Cyclic di-GMP was normalized to total soluble proteins. Soluble proteins were extracted by lysing a parallel cell sample with CelLytic B bacterial cell lysis and extraction reagent (Sigma). Cells were then mixed with an equal volume of \<106-µm glass beads (Sigma) on a Vortex mixer with 10 repeated cycles of 1-min agitation with cooling intervals of 1 min. During the process, cells were maintained in a cold room or in ice water bath. The cell extract was collected after initial centrifugation at 1,000 × *g* for 1 min at 4° C and further centrifuged at 17,000 × *g* for 30 min at 4° C. The protein concentration was determined using a Pierce bicinchoninic acid (BCA) protein assay kit.

The statistically significant effects of light conditions on c-di-GMP levels were determined using one-way analysis of variance (ANOVA) with a Fisher *post hoc* test using OpenStat statistical software (version 10.01.08; <http://www.Statprograms4U.com> \[W. G. Miller\]). Statistical analyses were performed utilizing 95% confidence intervals (*P* \< 0.05).

SUPPLEMENTAL MATERIAL {#h4}
=====================

###### 

Phylogenetic analysis based on multiple presumably functionally conserved EAL-only sequences using the maximum-likelihood method based on the Whelan and Goldman model. The bootstrap consensus tree inferred from 100 replicates. Branches corresponding to partitions reproduced in \<50% bootstrap replicates were collapsed. A discrete gamma distribution and an allowance for the presence of invariant sites was used. All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in MEGA5. Download
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Figure S1, PDF file, 0.1 MB

###### 

Lists of specific GGDEF, EAL, and HD-GYP domain-containing proteins from 20 of 37 cyanobacterial species examined that have c-di-GMP-modulating domains.
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Table S1, DOCX file, 0.1 MB.

###### 

Presence of an allosteric site RXXD before the GGDEF sequence in DGC proteins in cyanobacteria. a: +, GGDEF domain contains conserved domains indicating enzymatically active protein; −, GGDEF domain lacks conserved domains indicating enzymatically inactive protein. b: +, allosteric inhibitor site RXXD is present; −, allosteric inhibitor site RXXD is absent.
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Table S2, DOCX file, 0.1 MB.
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Habitat description of Synechococcus sp. strains.
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Table S3, DOCX file, 0.1 MB.
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